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ABSTRACT Alamethicin is a 19-amino-acid residue hydrophobic peptide that produces voltage-dependent ion channels in
membranes. Analogues of the Glu(OMe)7,18,19 variant of alamethicin F50/5 that are rigidly spin-labeled in the peptide backbone
have been synthesized by replacing residue 1, 8, or 16 with 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-4-carboxyl (TOAC), a
helicogenic nitroxyl amino acid. Conventional electron paramagnetic resonance spectra are used to determine the insertion and
orientation of the TOACn alamethicins in ﬂuid lipid bilayer membranes of dimyristoyl phosphatidylcholine. Isotropic 14N-hyperﬁne
couplings indicate that TOAC8 and TOAC16 are situated in the hydrophobic core of the membrane, whereas the TOAC1 label
resides closer to the membrane surface. Anisotropic hyperﬁne splittings show that alamethicin is highly ordered in the ﬂuid
membranes.Experimentswith alignedmembranesdemonstrate that theprincipal diffusionaxis lies close to themembranenormal,
corresponding to a transmembrane orientation. Combination of data from the three spin-labeled positions yields both the dynamic
order parameter of the peptide backbone and the intramolecular orientations of the TOAC groups. The latter are compared with
x-ray diffraction results from alamethicin crystals. Saturation transfer electron paramagnetic resonance, which is sensitive to
microsecond rotationalmotion, reveals that overall rotation of alamethicin is fast in ﬂuidmembranes,with effective correlation times
,30 ns. Thus, alamethicin does not form large stable aggregates in ﬂuid membranes, and ionic conductance must arise from
transient or voltage-induced associations.
INTRODUCTION
Alamethicin is a 19-amino-acid residue peptide from Trich-
oderma viride (with an N-terminal acetyl and a C-terminal
phenylalaninol) that is able to induce voltage-dependent ion
conduction across lipid membranes (1,2). The channel prop-
erties are strongly concentration-dependent and characterized
bymultiple conduction states (3).Mechanistic studies suggest
that consecutive conductance levels are generated by incor-
poration of single alamethicin molecules into an existing pore
aggregate (4). The relative populations of the different con-
ductance levels are responsive tomembrane tension and to the
intrinsic curvature of the constituent lipids (5,6).
TOAC is a helicogenic nitroxyl amino acid that can be
incorporated directly in the backbone of synthetic peptides
(7–10). The nitroxide ring is rigidly attached to the Ca-atom
of the amino acid and therefore can be used as a spin-label
reporter of the orientation and dynamics of the peptide
backbone (11). Previous studies have demonstrated the util-
ity of conventional electron paramagnetic resonance (EPR)
spectroscopy to determine the location and orientation of
TOAC-labeled trichogin GA IV, a membrane-active peptide,
in lipid bilayers (12). Such methods exploit both the polarity
sensitivity (13) and the angular dependence (14) of the
nitroxide EPR spectra.
In this work, we investigate the association of TOAC-
labeled alamethicin analogs with phospholipid bilayer mem-
branes by using both conventional and saturation-transfer
(ST-) EPR spectroscopy. The TOAC residue is substituted at
one of three positions (1, 8, or 16) throughout the sequence
of alamethicin. Macroscopically aligned membranes are used
to demonstrate that the TOAC-labeled alamethicin assumes a
transmembrane orientation, consistent with the relative envi-
ronmental polarities of the different TOAC positions. Orien-
tational order parameters for the three TOAC positions allow
determination of both the angular amplitude of long-axis
motion and the intramolecular tilts of the individual nitro-
xides. Finally, ST-EPR, which is sensitive to much slower
rotational diffusion than conventional EPR (15), and the lack
of spin-spin interactions between monomers in the conven-
tional EPR, are used to obtain information on the aggregation
state of the peptide in the membrane.
MATERIALS AND METHODS
Materials
Dimyristoyl phosphatidylcholine (DMPC) was from Avanti Polar Lipids
(Alabaster, AL). Spin-labeled derivatives of alamethicin F50/5 [TOACn,
Glu(OMe)7,18,19], with n ¼ 1, 8, and 16, were synthesized according to ref-
erences (16,17). The complete amino-acid sequences of the three analogs are:
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Ac-TOAC-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-
Pro-Val-Aib-Aib-Glu(OMe)-Glu(OMe)-Phol [TOAC1,Glu(OMe)7,18,19]
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-TOAC-Val-Aib-Gly-Leu-Aib-
Pro-Val-Aib-Aib-Glu(OMe)-Glu(OMe)-Phol [TOAC8,Glu(OMe)7,18,19]
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-Pro-
Val-TOAC-Aib-Glu(OMe)-Glu(OMe)-Phol [TOAC16,Glu(OMe)7,18,19],
where Aib is a-aminoisobutyric acid and Phol is the b-amino alcohol
L-phenylalaninol. Functional measurements demonstrate that the Gln7,18,19
to Glu(OMe)7,18,19 substitution in F50/5 alamethicin does not dramatically
reduce the voltage-dependent membrane conductance that is induced by this
channel-forming peptide (18).
Sample preparation
DMPC (1 mg) and;1 mol % of the desired TOAC spin-labeled alamethicin
(in MeOH) were codissolved in CH2Cl2, and the solution then evaporated
with dry nitrogen. After keeping under vacuum overnight, the dry mixture
was hydrated in 50 ml of 10 mM Hepes (N-(2-hydroxyethyl)piperazine-N9-2-
ethanesulphonic acid), 10 mM NaCl, 10 mM EDTA (N,N,N9,N9-ethyle
nediaminetetraacetic acid), pH 7.8 buffer, with vortex mixing at 37C. The
lipid dispersion was then transferred to a 1 mm-diameter glass capillary and
pelleted in a benchtop centrifuge. Excess supernatant was removed and the
capillaries were ﬂame-sealed.
Aligned planar phospholipid bilayers were formed by evaporating the
CH2Cl2 solution of DMPC plus 1 mol % of TOAC-alamethicin onto the
internal faces of a quartz ﬂat cell (Wilmad model No. WG-812, Wilmad-
LabGlass, Buena, NJ) by using a stream of dry nitrogen. Residual solvent
was removed under vacuum overnight. The oriented lipid ﬁlm was hydrated
with excess buffer containing 150 mM NaCl, at room temperature. The cells
were drained and sealed immediately before measurement, with sufﬁcient
buffer retained to ensure complete hydration throughout the experiment.
EPR spectroscopy
EPR spectra were recorded on a Varian Century-Line 9-GHz spectrometer
(Varian, Palo Alto, CA) with 100 kHz ﬁeld modulation. Sample capillaries
were accommodated in standard quartz EPR tubes that contained light
silicone oil for thermal stability. Temperature was regulated by thermostated
nitrogen gas-ﬂow through a quartz Dewar, andwasmeasuredwith a ﬁne-wire
thermocouple situated in the silicone oil at the top of the microwave cavity.
Samples of;5-mm height were centered in the rectangular TE102 resonator,
to minimize microwave- and modulation-ﬁeld inhomogeneities (19). The
microwave H1-ﬁeld at the sample was measured as described in the latter
reference. Conventional EPR spectra were recorded in the in-phase ﬁrst-
harmonic absorption mode (V1-display), and saturation transfer (ST-) EPR
spectra in the out-of-phase second-harmonic absorption mode (V29-display)
(20). Oriented bilayer spectra were obtained with the quartz ﬂat cells in a
TE102 rectangular microwave cavity mounted with its H1-ﬁeld axis horizontal.
The entire cavity assembly was thermostated with nitrogen gas-ﬂow.
Conventional EPR spectra were analyzed in terms of the outer and inner
hyperﬁne splittings, 2Amax and 2Amin, respectively. The outer hyperﬁne
splitting is a useful empirical measure of the chain dynamics and ordering
that is valid in both slow and fast motional regimes of nitroxide EPR spec-
troscopy (21,22). In the motional narrowing regime, at high temperature,
Amax is equal to the parallel element, A//, of the partially motionally averaged,
axial hyperﬁne tensor. The perpendicular element, A^, is derived from the
separation, 2Amin, of the inner extrema (23):
A?ðGaussÞ ¼ Amin1 1:321 1:863 log10ð1 SappÞ
for S
3
app$ 0:45 (1)
and
A?ðGaussÞ ¼ Amin1 0:85 for Sapp, 0:45; (2)
where Sapp ¼ ðAmax  AminÞ=½Azz  12ðAxx1AyyÞ for a spin-label hyperﬁne
tensor with Cartesian elements (Axx,Ayy,Azz). The environmental polarity was
then characterized by means of the isotropic 14N-hyperﬁne coupling, ao (13),
which is given by
ao ¼ 1
3
ðA==1 2A?Þ: (3)
In addition, the order parameter of the spin-label z axis, in the fast motional
regime, is given by
Szz ¼ A==  A?
Azz  12ðAxx1AyyÞ
3
Axx1Ayy1Azz
3ao
; (4)
where the ﬁnal factor on the right is a polarity correction to the hyperﬁne
tensor elements. Values taken for the hyperﬁne tensor elements are
(Axx,Ayy,Azz) ¼ (6.0 G, 7.3 G, 34.5 G) from 2,2,4,4-tetramethylpiperidine-
1-oxy in a toluene glass (24).
Saturation transfer EPR spectra were analyzed in terms of the diagnostic
line-height ratios, L$/L, C9/C, and H$/H, deﬁned in the low-ﬁeld, central,
and high-ﬁeld regions of the spectra, respectively (15), and by the nor-
malized integrated intensity, IST (25). Effective rotational correlation times,
teffR , were obtained from ST-EPR line-height ratios, R, by using calibrations
with spin-labeled hemoglobin in solutions of known viscosity from Horva´th
and Marsh (25). The calibrations can be expressed as (26)
t
eff
R ¼ k=ðR RoÞ  b; (5)
where Ro is the rigid-limit value of R. The calibration constants k, b, and Ro
are given in Marsh (27). For shorter correlation times, polynomial ST-EPR
calibrations were used from Horva´th and Marsh (28).
TOAC orientation
The crystal structure of the 6T2 twist-boat conformer of TOAC was taken
from molecule B of Z-TOAC-(L-Ala)2-NHtBu (29), which was obtained
from the Cambridge Crystallographic Data Centre (CCDC code: 123753). In
the available crystal structures of a-helical TOAC peptides, 6T2 is by far the
most prevalent conformer of TOAC (30). The crystal structure of native
alamethicin (31) was obtained from the Research Collaboration for Struc-
tural Bioinformatics protein database (32) (PDB code: 1amt). The TOAC resi-
due was substituted for the Aib residue at position 1, 8, or 16 in alamethicin
by constraining the transformed coordinates of the TOAC N, Ca and C9 atoms
to coincide with those in alamethicin, by using nonlinear least-squares
optimization.
The orientation uz of the nitroxide z axis of TOAC to the alamethicin
molecular axis was determined as described in Marsh (30). The molecular
axis of alamethicin was taken as the axis of the longer (N-terminal) helical
section. The latter was deﬁned as the line equidistant from the Ca atoms of
residues 4–14, for which the mean radial distance is 2.38 A˚, by nonlinear
least-squares ﬁtting. The vector connecting the Ca atoms of residues 1 and
19 was also used as an alternative deﬁnition of the molecular axis. The un-
published structure of [TOAC16, Glu(OMe)7,18,19]-alamethicin (33), and
variants in which the TOAC residue from position 16 was substituted for the
Aib1 or Aib8 residue, were used in an analogous manner to obtain the
orientation of the TOAC nitroxyl axes. This alamethicin analog has the 6T2
twist-boat conformer of TOAC that is found in the Z-TOAC-(L-Ala)2-
NHtBu reference peptide.
RESULTS AND DISCUSSION
Conventional spin-label EPR spectra
Fig. 1 shows the EPR spectra of the three different TOAC1,
TOAC8, and TOAC16 analogs of [Glu(OMe)7,18,19] alamethicin
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in DMPC bilayer membranes. Spectra are shown at various
temperatures, both above and below the lipid chain-melting
temperature of 23C. In the gel phase, the spectra are in-
dicative of strong immobilization on the nanosecond time-
scale, but that of the TOAC1 derivative also evidences strong
spin-spin broadening. The latter is seen most clearly at 10C
as a strong distortion of the baseline by a very broad un-
derlying component (dotted-line spectrum). This spin-spin
interaction is caused by aggregation of the spin-labeled
alamethicin in the gel-phase membrane. The sharp features
in the low-temperature spectra most probably arise from a
population of noninteracting spin labels, and therefore in-
dicate some heterogeneity in the degree of aggregation. The
aggregation observed by spin-spin interaction in the gel-
phase correlates well with functional studies on the effects of
the lipid chain-melting transition. The transmembrane cur-
rent density mediated by alamethicin in unsupported bilayers
of 1-stearoyl-3-myristoylphosphatidylcholine was found to
increase dramatically on entering the gel phase of the mem-
brane from the ﬂuid phase (34). The current density in the gel
phase at 24C corresponded to a pore concentration of;106
pores/cm2 and decreased to a low level representing only
1 pore/cm2 in the ﬂuid phase. Increased pore density implies
an increased degree of peptide aggregation and an increased
local concentration of alamethicin in the gel phase that
manifests itself here as an increase in spin-spin interactions.
Spin-spin broadening is absent from the EPR spectra in
the ﬂuid phase at 1 mol % spin label. This ﬁnding indicates
that the spin-labeled alamethicin is randomly dispersed in
the lipid membrane at temperatures above the lipid chain-
melting transition. Similar conclusions have been reached
from EPR studies on alamethicin with a ﬂexible spin label
at the N- or C-terminus (35,36). The spectra from the three
TOAC derivatives are still highly anisotropic, indicating high
ordering or limited motion, in the ﬂuid phase. The extent
of spectral anisotropy decreases with increasing temperature.
At higher temperatures, the spectra display axial motional
averaging, as indicated by the well-deﬁned outer and inner
hyperﬁne splittings, 2Amax and 2Amin, respectively (see, e.g.,
(37)).
Temperature dependence
Fig. 2 shows the temperature dependence of the outer hyper-
ﬁne splitting, 2Amax, for alamethicin with the three different
positions of TOAC labeling in DMPC membranes. For the
TOAC8 and TOAC16 derivatives, there is a small but abrupt
decrease in the value of Amax at the DMPC chain-melting
transition. This decrease in Amax corresponds to an increase
in rotational dynamics of alamethicin on lipid chain ﬂuid-
ization. The apparent increase in Amax for the TOAC
1 deriv-
ative at 23C most probably is an artifact arising from the
spin-spin broadening of this particular label in the gel phase.
The values of Amax at temperatures immediately above the
lipid transition are still indicative of a high degree of order, or
limited amplitude of angular motion, of the spin-labeled
alamethicin. There are, nonetheless, differences between the
values of Amax and their rate of change with temperature for
the three different label positions. For each label, the values
of Amax decrease steadily in response to the increased extent
of lipid chain motion with increasing temperature.
Isotropic hyperﬁne couplings
Fig. 3 gives the temperature dependence of the effective
isotropic hyperﬁne couplings, ao, deﬁned by Eq. 3, for the
different positions of TOAC labeling. The true value of ao
should depend only on the polarity of the environment in
which the spin label is situated (see, e.g., (38,39)), and not on
the molecular motion. Therefore, it is expected to be ap-
proximately independent of temperature. Artifactual in-
creases in effective values with decreasing temperature are
found at lower temperatures, due to the breakdown of
motional narrowing theory (on which Eqs. 3 and 4 are based)
caused by slow-motional contributions to the spectra at the
lower temperatures. This provides a useful experimental cri-
terion by which to deﬁne the temperature region over which
motional narrowing theory is valid. Fig. 3 shows that the
values of ao are practically constant for the TOAC
1 and
TOAC8 analogs at temperatures of 55C or higher. Only
for the TOAC16 analog is the temperature dependence
FIGURE 1 Conventional EPR spec-
tra (V1-display) of [Glu(OMe)
7,18,19]
alamethicin analogs with TOAC substi-
tuted for (A) residue 1, TOAC1; (B)
residue 8, TOAC8; and (C) residue 16,
TOAC16, in DMPC bilayers at the tem-
peratures indicated. (Solid lines, total
scan width ¼ 100 Gauss; dotted lines,
total scan width: 160 Gauss.)
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apparently anomalous. Themean values of the isotropic hyper-
ﬁne couplings are: ao ¼ 15.41 6 0.01 G, 15.01 6 0.01 G,
and 15.03 6 0.07 G, for the TOAC1, TOAC8, and TOAC16
analogs, respectively. The lower values indicate that the
TOAC8 and TOAC16 analogs are situated considerably
deeper in the hydrophobic core of the membrane than is the
TOAC1 analog. For the TOAC16 analog, only the values at
higher temperature were taken and are associated with a
higher uncertainty, as indicated. For a TOAC peptide in water,
the isotropic hyperﬁne coupling is considerably higher: ao ¼
16.2–16.5 G, depending on the pH/charge state of the peptide
(40). This implies that the TOAC1 analog is not directly
exposed to water, but is probably located close to the polar-
apolar interface of the membrane, as suggested also for
surface-associated trichogin GA IV and melanocortin (41,42).
Note that a higher water exposure of TOAC1 than of TOAC16
(at high temperature) does not exclude the possibility of a
yet greater water exposure of a spin label attached to the
C-terminal phenylalaninol, especially at lower temperatures
(43).
Orientational order parameters
Fig. 4 gives the temperature dependence of the order param-
eters, Szz, for the three TOAC analogs of alamethicin in
DMPC bilayer membranes in the ﬂuid phase. According to
the criterion of constant ao, the data in Fig. 3 suggest that
motional narrowing theory should be applicable above 55C
for all except the TOAC16 analog. As already noted, the
spectra are axially symmetric in this temperature regime (see
Fig. 1). The values given in Fig. 4 therefore should be rea-
sonably representative of the time-average angular amplitude
of the spin-label z axis, relative to the director for the uniaxial
rotational motion. At temperatures below those for which data
is given in Fig. 4, motional narrowing theory can no longer be
relied upon for determining order parameters.
Fig. 5 shows the conventional EPR spectra of the three
TOAC-containing analogs of alamethicin in aligned multi-
bilayers of fully hydrated DMPC in the ﬂuid phase. Spectra
are shown for the static magnetic ﬁeld parallel (solid lines)
and perpendicular (dashed lines) to the normal to the orienting
quartz substrate on which the multibilayers are deposited.
Although the degree of alignment of the sample is probably
not completely homogeneous, and at these temperatures (30–
32C) the rotational motion is not yet in the fast regime
(especially for the TOAC16 analog), there is clear anisotropy
between spectra recorded with the parallel and perpendicular
orientations of the magnetic ﬁeld. For all three TOAC posi-
tions, the largest hyperﬁne splitting of the ﬁrst derivative-like
FIGURE 2 Temperature dependence of the outer hyperﬁne splitting con-
stant, Amax, for [Glu(OMe)
7,18,19] alamethicin TOAC1 (squares), TOAC8
(circles), and TOAC16 (triangles) analogs in DMPC bilayers.
FIGURE 3 Temperature dependence of the effective isotropic hyperﬁne
couplings, ao, for [Glu(OMe)
7,18,19] alamethicin TOAC1 (squares), TOAC8
(circles), and TOAC16 (triangles) analogs in DMPC bilayers.
FIGURE 4 Temperature dependence of the effective order parameters,
Szz, for [Glu(OMe)
7,18,19] alamethicin TOAC1 (squares), TOAC8 (circles),
and TOAC16 (triangles) analogs in DMPC bilayers. Solid lines are experi-
mental measurements; dotted lines are a nonlinear least-squares ﬁt of Eq. 6
to the temperature dependence, with constant uz for each TOAC position
(see text and Fig. 6).
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single absorption lines is obtained in the parallel orientation
with the magnetic ﬁeld lying along the substrate normal (see,
e.g., (14)). This ﬁnding conﬁrms that the director, N, for the
uniaxial rotation lies along the membrane normal, consistent
with a transmembrane orientation of the alamethicin molecule
as indicated by the isotropic hyperﬁne couplings.
For uniaxial motional averaging, the EPR order parameter
of TOAC is given by the addition theorem for spherical
harmonics,
Szz ¼ ÆP2ðcosgÞæ3P2ðcosuzÞ; (6)
where g is the angle that the principal rotational diffusion
axis, R, of the TOAC-labeled alamethicin molecule makes
with the membrane normal, N, and uz is the inclination of the
spin-label z axis to R (see Fig. 6). P2(x) ¼ (3x21)/2 is a
second-order Legendre polynomial and the angular brackets
indicate a time average over the rotational motion. Because
the TOAC spin label is rigidly attached to the peptide back-
bone, the different values of Szz in Fig. 4 imply different
orientations, uz, of the three TOAC residues toR. The crystal
structure of native alamethicin reveals an a-helical conforma-
tion that is bent (31). This bend, together with local distortions,
could account for the dependence of the TOAC order param-
eters on residue position.
The dotted lines in Fig. 4 represent a nonlinear least-
squares ﬁt of Eq. 6 to the temperature dependence of Szz
for all three TOAC labels, under the assumption that the
spin-label inclination to the diffusion axis is temperature-
independent. The order parameter of the diffusion axis, rela-
tive to N, then varies from ÆP2(cosg)æ ¼ 0.87–0.70 over the
temperature range 60–85C. The local orientation of the indi-
vidual spin labels is characterized by the ﬁxed values uz ¼
30, 25, and 20 for TOAC1, TOAC8, and TOAC16, re-
spectively. Judging from the goodness of the ﬁts in Fig. 4,
only for TOAC1 are there signiﬁcant changes in uz with
temperature, possibly corresponding to a local unwinding of
the helix or other conformational reorientation at the ﬁrst
residue position.
TOAC orientation in alamethicin
Fig. 7 shows one of the molecules (A) in the crystal structure
of native alamethicin (31) into which the crystal structure of
the TOAC moiety from molecule B of Z-TOAC-(L-Ala)2-
NHtBu (29) has been incorporated at residue position 1, 8, or
16. This was done by constraining the coordinates of the
FIGURE 5 Conventional V1-EPR spectra of [TOAC
n, Glu(OMe)7,18,19]
alamethicin analogs in aligned DMPC bilayers. (Solid lines, magnetic ﬁeld
parallel to the membrane normal; dashed lines, magnetic ﬁeld perpendicular
to the membrane normal.) (A) TOAC1-alamethicin at 30C; (B) TOAC8-
alamethicin at 32C; and (C) TOAC16-alamethicin at 32C. Total scan
width ¼ 100 Gauss.
FIGURE 6 Orientation of TOAC-labeled alamethicin in a lipid mem-
brane. The principal molecular diffusion axis, R, is inclined at instantaneous
angle g to the membrane normal N. The nitroxide z axis is oriented at con-
stant angle uz to R. The experimental order parameter, Szz, of the nitroxide
z axis is given by Eq. 6, where, for axial symmetry, ÆP2(cosg)æ is the order
parameter of the alamethicin diffusion axis.
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TOAC N, Ca, and C9 atoms to coincide with those of Aib1,
Aib8, or Aib16 in alamethicin. If the axis of the longer helical
segment is deﬁned as the line that is equidistant from the Ca
atoms of residues 4–14, the inclination of the nitroxide z axis
to this axis is ua ¼ 7, 15, and 34, for TOAC at residue
positions 1, 8, and 16, respectively. For the recently solved
structure of [TOAC16, Glu(OMe)7,18,19] alamethicin (33),
the orientation of the spin-label z axis to the longer helical
axis is ua ¼ 10–12 and, for this TOAC structure grafted
at residue positions 1 and 8, is ua ¼ 4–7 and 8–9, re-
spectively. In terms of residue position, these values for the
TOAC orientation ua are in the opposite order to those of uz
that are derived from the EPR results. From this, one must
conclude that the diffusion axis does not coincide with the
helical axis between residues 4 and 14, as deﬁned above.
Taking the more recent crystal structure, the rotation axis R
is tilted relative to the principal helix axis by ;30. This
value may be somewhat of an upper estimate because of the
effects of local helix distortions that were referred to above.
Note that taking the mirror-image 2T6 twist-boat conformer
of TOAC would predict nitroxide z-axis orientations that are
incompatible with the EPR order-parameter measurements
(30,44).
Saturation transfer spin-label EPR spectra
Fig. 8 shows the saturation transfer EPR spectra of the
three different TOAC1, TOAC8, and TOAC16 analogs of
[Glu(OMe)7,18,19] alamethicin in DMPC bilayer membranes.
Spectra are shown at various temperatures, both above and
below the lipid chain-melting temperature of 23C. The
spectra are scaled to line height, rather than to the absolute
intensity, which decreases with increasing temperature. In
the gel phase, the ST-EPR spectra have appreciable intensity,
not only in the overall spectrum, but also in the diagnostic
regions at intermediate positions in the low-, high-, and
center-ﬁeld manifolds of the 14N-hyperﬁne structure. These
nonvanishing ST-EPR intensities reﬂect the response of the
peptide to the extremely slow rotational diffusion of the
gel-phase lipids, with effective correlation times beyond the
microsecond regime (45,46). Immediately above the lipid
chain-melting transition, the overall intensity of the ST-EPR
spectrum drops abruptly and the spectral lineshape changes
because of preferential reduction in the line heights at the
diagnostic L99, C9, and H99 positions relative to the stationary
turning points at positions L, C and H, respectively (see, e.g.,
(15)). These spectra are characteristic of very fast motion, no
longer in the microsecond regime (at least for the central C9
region of the spectrum), and reﬂect the response of the
peptide mobility to the rapid lipid chain motions in the ﬂuid
membrane phase (45,47).
Fig. 9 gives the temperature dependence of the normalized
ST-intensity, IST, and the diagnostic line-height ratios, L99/L,
C9/C, and H99/H, for the TOAC8 alamethicin analog in
DMPC membranes. This is the analog with highest ST-EPR
intensities and, therefore, that most likely to exhibit any
microsecond motions that are associated with the whole
peptide. All four ST-EPR parameters clearly reﬂect the
change in overall peptide dynamics at the gel-ﬂuid phase
transition, which occurs at ;23C. The values of the C9/C
line-height ratio and of the ST integral are very low in the
ﬂuid phase, beyond those for which ST-EPR calibrations
were made. This corresponds to an effective rotational
correlation time of,2.93 108 s (28). In addition, the L99/L
ratio is seen to increase with increasing temperature, i.e.,
with decreasing correlation time. This is a feature of incipient
motional narrowing in ST-EPR spectra (15), that again is
consistent with correlation times of ,107 s. Such rapid
rotational reorientation suggests rather strongly that the
peptide is not aggregated in ﬂuid DMPC membranes, as
was concluded already from the lack of spin-spin broadening
of the conventional EPR spectra. Standard hydrodynamic
theory (see, e.g., (48)) predicts a rotational correlation time
of 1.4–2.8 3 107 s for a single transmembrane a-helix in a
membrane of effective viscosity 2.5–5 P (49). For a dimer,
this value increases to 3.5–7.03 107 s, and for a tetramer to
5.6–11.3 3 107 s. It therefore seems most likely that the
TOAC alamethicin analogs are monomeric (at a concentration
FIGURE 7 Crystal structure for mol-
ecule A of native alamethicin ((31);
PDB: 1amt) with the TOAC structure
from molecule B of Z-TOAC-(L-Ala)2-
NHtBu ((29) CCDC: 123753) substi-
tuted for Aib at residue position 1, 8, or
16. The alamethicin molecule is ori-
ented relative to the membrane surfaces
as predicted in the OPM database (53).
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of 1 mol %) in ﬂuid DMPC bilayers, as suggested previously
for alamethicin in vesicles of unsaturated phosphatidylcholines
(35,36). Note that substitution of Gln residues, particularly
the conserved Gln7, by Glu(OMe) might reduce somewhat the
propensity of alamethicin to form pores, as suggested by the
lower conductance (18).
CONCLUSIONS
The results from aligned samples and from the relative polari-
ties of the environments of the different TOAC positions
demonstrate that Glu(OMe)7,18,19 alamethicin adopts a trans-
membrane orientation in ﬂuid bilayer membranes of DMPC.
This is in agreement with other spectroscopic studies on un-
modiﬁed and chemically labeled alamethicins (43,50). Cer-
tain models for the induction of ion channels propose a
switching of the alamethicin long-axis from a surface to a
transmembrane orientation (see, e.g., (2)). The present
results show that the bulk of the peptide has a transmembrane
orientation and therefore such channels are most likely
formed by self-assembly within the membrane.
The combined order parameter measurements from the
different TOAC positions indicate that the tilt of the long
axis of the peptide, relative to the membrane normal, is fairly
small with values of ÆP2(cosg)æ corresponding to effective
tilt angles of 17–27 over the temperature range 60–85C. It
is expected that the tilt of alamethicin is restricted because
the length of the molecule (;29 A˚ from Ca of residue 1 to
Ca of residue 19) is relatively short compared with the
thickness of a DMPC bilayer. For the latter, the hydrophobic
thickness is;26 A˚ and the total thickness is;37 A˚ at 30C,
which extrapolate to 21 A˚ and 30 A˚, respectively, at 85C
using an expansion coefﬁcient of 0.004 per degree (51).
Orientation of alamethicin according to the distribution of
polarity/hydrophobicity in the molecule, as reported in the
OPM database (see Fig. 7), predicts a transmembrane align-
ment of alamethicin with a hydrophobic depth of 28 A˚ and a
tilt of 166 8 (52,53). This theoretical prediction is therefore
essentially in accord with the present experimental measure-
ments.
An interesting feature of the angular motion of the TOAC
spin labels, relative to that of spin-labeled lipid chains (see,
e.g., (54)), is that the rotational diffusion is slow on the EPR
timescale (;ns) in ﬂuid membranes, except at rather high
FIGURE 8 Saturation transfer EPR spectra (V29-display) of
[Glu(OMe)7,18,19] alamethicin analogs with TOAC substituted for (A)
residue 1, TOAC1; (B) residue 8, TOAC8; and (C) residue 16, TOAC16, in
DMPC bilayers at the temperatures indicated. Total scan width ¼ 160
Gauss.
FIGURE 9 Temperature dependence of the integrated intensity, IST (open
circles), and diagnostic line-height ratios, L99/L (squares), C9/C (solid
circles), and H99/H (triangles), from the ST-EPR spectra of [TOAC8,
Glu(OMe)7,18,19] alamethicin in DMPC bilayers.
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temperatures (.60C). This reﬂects the rigidity of the helical
backbone of alamethicin and the anchoring of the TOAC
ring at the Ca-position of the helix.
On the longer (ms) timescale of ST-EPR, however, rotation
about the long axis of alamethicin is relatively rapid. This
means that alamethicin is not forming large pore aggregates,
which would have rotational correlation times in the micro-
second regime. Most likely, the bulk of the alamethicin is
monomeric in the ﬂuid membrane, and pore formation (and
growth) occurs via transient association of the monomeric
species. This is in accordance with the electrophysiological
channel behavior and proposals from other spectroscopic
studies (43).
We thank Frau B. Angerstein and Frau B. Freyberg for skillful technical
assistance, Dr. Marco Crisma for providing the coordinates of [TOAC16,
Glu(OMe)7,18,19] alamethicin, and Frau I. Dreger for help with preparing
Fig. 7.
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